Type II alveolar epithelial cells (AEC2s) play a crucial role in the regeneration of type I AECs after acute lung injury. The mechanisms underlying the regeneration of AEC2s are not fully understood. To address this issue, here, we investigated a murine model of acute lung injury using mice expressing human Diphtheria Toxin Receptor (DTR) under the control of Lysozyme M promoter (LysM-DTR). DT injection induced the depletion of AEC2s, alveolar macrophages, and bone marrow (BM)-derived myeloid cells in LysM-DTR mice, and the mice died within 6 days after DT injection. Apoptotic AEC2s and bronchiolar epithelial cells appeared at 24 hr, whereas Ki67-positive proliferating cells appeared in the alveoli and bronchioles in the lung of LysM-DTR mice at 72-96 hr after DT injection. Transfer of wild-type BM cells into LysM-DTR mice accelerated the regeneration of AEC2s along with the up-regulation of several growth factors. Moreover, several metabolites were significantly decreased in the sera of LysM-DTR mice compared with WT mice after DT injection, suggesting that these metabolites might be biomarkers to predict AEC2s injury. Together, LysM-DTR mice might be useful to identify growth factors to promote lung repair and the metabolites to predict the severity of lung injury.
are involved in gas exchange, whereas AEC2s secrete surfactant apoproteins (McQualter et al., 2014; Rock & Hogan, 2011) . There are different types of stem cells in the lung, including basal stem cells (BSCs), bronchioalveolar stem cells (BASCs), and alveolar progenitor cells (Herriges & Morrisey, 2014; Schilders et al., 2016) . Contribution of these stem cells to lung regeneration might be a context-dependent, but the detailed molecular mechanisms are not fully understood. Several studies have shown that AEC2s both undergo selfrenewal and give rise to new AEC1s under homeostatic and pathological conditions induced by administration of bleomycin, exposure to hyperoxia, or genetic ablation of AEC2s (Barkauskas et al., 2013; Nabhan, Brownfield, Harbury, Krasnow, & Desai, 2018) . Other studies have shown that AEC2s are replenished from BASCs at bronchoalveolar junctions (Kumar et al., 2011; Zuo et al., 2015) . Moreover, under certain conditions, BSCs have been shown to contribute to the regeneration of AEC1s and AEC2s (Rock et al., 2009; Tata et al., 2013) .
Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease without known etiology and gradually worsened by years, resulting in fatal outcomes (Raghu, 2011; Steele & Schwartz, 2013) . AEC2s are primary targets by various stimuli along with the progression of IPF; therefore, elucidating the mechanisms underlying the regeneration of AEC2s might be crucial to develop a novel strategy to treat IPF. IPF sometimes becomes rapidly worsened, which is referred to as acute exacerbation (Collard et al., 2016; Marchioni et al., 2018) . While acute exacerbation is usually followed by infection, such as viral infection, the detailed mechanisms are not fully understood (Collard et al., 2016; Marchioni et al., 2018) . While the lung with acute exacerbation is composed of massive infiltration of neutrophils, it is unclear whether recruitment of neutrophils is a primary cause or consequences of acute exacerbation. Moreover, reliable marker(s) to evaluate disease progression of IPF appear to be limited (Guiot, Moermans, Henket, Corhay, & Louis, 2017) . Thus, identification of novel biomarker(s) to predict the extent of AEC2 injury and progression of IPF might be urgent issues.
Cells undergoing apoptosis need to be cleared by nearby phagocytes to maintain tissue homeostasis (Nagata, 2018) . Impaired clearance of apoptotic cells results in secondary necrosis that induces the release of cellular contents and nuclear DNAs, which are termed danger-associated molecular patterns (DAMPs; Krysko et al., 2011) . DAMPs induce a variety of cellular responses, including inflammation, cell proliferation, tissue repair, and tissue damage in a context-dependent manner (Krysko et al., 2011) . In the lung, apoptotic AEC1s and AEC2s are engulfed by AMs. AMs are derived from fetal monocytes and undergo self-renewal under homeostatic conditions (Guilliams et al., 2013) . However, AMs are replenished with bone marrow (BM)-derived myeloid cells when AMs are completely depleted under certain conditions such as lethal irradiation (Miyake et al., 2007) . Impaired clearance of apoptotic AEC2s might deteriorate lung injuries or delay the regeneration of AEC2s.
To monitor the regeneration of AEC2s and identify growth factors to promote the proliferation of AEC2s, we used Lysozyme M (LysM)-Diphtheria toxin receptor (DTR) mice, where AEC2s, AMs, and BM-derived myeloid cells are depleted after DT injection (Miyake et al., 2007) . Although murine cells are resistant to DT, the expression of human DTR renders murine cells susceptible to DT-induced apoptosis (Saito et al., 2001 ). All LysM-DTR mice became moribund and died within 6 days after DT injection. Importantly, Ki67 + cells appeared in the distal bronchioles and alveoli at 72-96 hr following apoptosis of BECs and AEC2s. Transfer of wild-type BM cells into LysM-DTR mice accelerated the regeneration of AEC2s along with the up-regulation of several growth factors. Furthermore, some metabolites were significantly reduced in the sera of LysM-DTR mice compared with wild-type (WT) mice after DT injection, suggesting that these metabolites might be biomarkers to predict the damage of AEC2s injury. Thus, the murine model mimicking acute lung injury might provide a valuable tool to investigate the mechanisms underlying the regeneration of AEC2s.
| RESULTS

| LysM-DTR mice die within 6 days following DT injection
A previous study reported that AEC2s along with AMs and BM-derived myeloid cells are depleted in LysM-DTR mice after DT injection (Miyake et al., 2007) . We found that most LysM-DTR mice survived more than 4 days, but died within 6 days following DT injection ( Figure 1a ). Murine AMs are recognized as cells expressing CD11c high , Siglec-F high , and F4/80 low , but not CD11b (Hussell & Bell, 2014 Figure 1c ).
| AEC2s die by apoptosis in the lung of
LysM-DTR mice after DT injection
While surfactant-associated protein C (SP-C) is a secretory protein and a specific marker for AEC2s (Kalina, Mason, & Shannon, 1992) , thyroid transcription factor (TTF)-1 is a marker for both AEC2s and conducting airway epithelial | Genes to Cells
cells (Yan et al., 2002) . Hence, we monitored the cell fate of AEC2s in the lung using these antibodies after DT injection. Numbers of SP-C + or TTF-1 + cells were not different in the lung of wild-type mice before and after DT injection (Figure 2a, b) . In contrast, SP-C + cells completely disappeared in the alveoli of LysM-DTR mice at 24 hr and remained undetectable until 96 hr after DT injection (Figure 2a,b) . Notably, TTF-1 + cells in the alveoli of LysM-DTR mice were still detected at 24 hr, but their numbers gradually decreased at 48 hr following DT injection (Figure 2a,b) . Numbers of cleaved caspase 3 (CC3) + cells in the alveoli of LysM-DTR mice were increased and peaked at 24 hr and then declined thereafter (Figure 2a, (Figure 3d ). These results suggest that proliferating cells in the bronchioles, at least in part, might stop proliferation and then differentiate into SP-C + cells under our experimental conditions. These are consistent with previous studies, in which AEC2s are replenished from BASCs at the bronchioalveolar junctions (Kumar et al., 2011; Zuo et al., 2015) .
| Generation of BM chimeric mice
To test whether BM-derived myeloid cells promote tissue repair of AEC2 injury in LysM-DTR mice, we reconstituted lethally irradiated LysM-DTR mice with BM cells from WT or LysM-DTR mice. We referred to LysM-DTR mice reconstituted with BM cells of WT and LysM-DTR mice as WL and LL mice, respectively ( Figure 4a ). In reciprocal experiments, WT mice were irradiated and reconstituted with BM cells derived from WT and LysM-DTR mice, which were referred to as WW and LW, respectively ( Figure 4a ). At two months after BM transfer, we examined the chimerism of BM-reconstituted mice. We found that almost 90% of peripheral blood mononuclear cells in WT or LysM-DTR mice were replaced with donor-derived BM cells by flow cytometry or qPCR using genomic DNAs (Figure 4b ,c). We listed depleted cells in BM chimeric mice after DT injection (Table 1) .
| Donor-derived BM cells promote the proliferation of AEC2s
We then tested whether BM-derived myeloid cells might promote the regeneration of AEC2s after DT injection. As expected, WW and LW mice appeared to be healthy, although body weights (BWs) of LW mice were slightly declined after DT injection (Figure 5a ). In contrast, BWs of WL and LL mice progressively declined, although the extents of BW loss of WL mice were significantly milder than that of LL mice until 72 hr after DT injection. H&E-stained lung sections did not show apparent difference among four different chimeric mice at 72 hr after DT injection ( Figure 5b ). Consistent with a previous study (Miyake et al., 2007) Genes to Cells KUROSAWA et Al.
| Growth factor-related genes are upregulated in the lung after DT injection
Given that numbers of Ki67 + cells in the alveoli were increased in the lung of WL compared with LL mice, we tried to identify growth factor(s) to promote the regeneration of AEC2s.
To identify such candidates, we compared gene expression profiles of the lung of 4 groups of mice at 72 hr after DT injection. After clustering of 4 groups of mice, we found that the WL group was most distant from other 3 groups and large numbers of genes were up-regulated in the lung of the WL group compared with other groups (Figure 6a ). Moreover, genes associated with cell proliferation including the PI3K/ AKT, ErbB, stemness-related, FGF, and WNT signaling pathways were enriched in the WL group compared with other groups (Figure 6b and Supporting Information Table  S1 ). Among various genes investigated, we found that the expression of Fibroblast growth factor 2 (Fgf2), Interleukin 6 (Il6), Il11, Oncostatin M (Osm), Thrombospondin 1 (Thbs1), and WNT1 inducible signaling pathway protein 1 (Wisp1) was up-regulated in the lung of WL group compared with other groups by qPCR (Figure 6c ). We next examined the kinetics of the expression of these genes after DT injection. The expression of Fgf2, Il11, Thbs1, and Wisp1 was gradually elevated at 24 or 48 hr and peaked at 96 hr in the lung of LysM-DTR mice compared with WT mice after DT injection ( Figure 6d ). The expression of Il6 was elevated at 24 hr and then declined, whereas Osm was slightly increased at 96 hr ( Figure 6d ). Together, these results suggest that BM-derived myeloid cells including AMs produced these growth factors or enhanced the production of these growth factors by lung parenchymal cells.
| Some metabolites are significantly decreased in mice with severe AEC2 injury
Numbers of AEC2s were significantly decreased in LysM-DTR mice after DT injection, prompting us to test whether AEC2-derived metabolites might be decreased in the sera of LysM-DTR mice. Taken that damage of AEC2s is induced in IPF patients (Schupp et al., 2015; Sisson et al., 2010) , identification of such metabolites associated with damage of AEC2s might be good biomarker(s) to evaluate disease progression of pulmonary diseases such as IPF. To do this, we examined the metabolites of the sera of WT and LysM-DTR mice before and after DT injection (Supporting Information  Tables S2 and S3 ). We found that six metabolites were significantly down-regulated in the sera of LysM-DTR mice compared with WT mice after DT injection (Figure 7a ). These metabolites were divided into two groups according to the kinetics of a decrease in the metabolites after DT injection. The metabolites of the first group, which included arginine, citrulline, and methylneuraminate, were not different at 24 hr but decreased at 72 hr after injection (Figure 7a ). The metabolites of the second group, which included deoxyguanosine, glycocyamine, serotonin, and stachydrine, were decreased at 24 hr and further decreased at 72 hr (Figure 7a ). Unfortunately, we could not find any metabolites that were increased in the sera of LysM-DTR mice compared with WT mice after DT injection. Taken that DT injection into LysM-DTR mice depleted both myeloid cells and AEC2s, a decrease in these metabolites might represent the depletion of myeloid cells, but not AEC2s. To exclude this possibility, we next performed metabolome analysis of the sera from WT mice reconstituted with BM of WT (WW) or LysM-DTR (LW) mice after DT injection (Supporting Information Tables S4 and S5 ). We surmised that the metabolites derived from myeloid cells might be decreased in the sera of LW mice, since BM-derived myeloid cells were almost completely depleted after DT injection. While stachydrine was slightly, but significantly decreased in the sera of LW mice compared with WW mice, other metabolites were not different between the sera of WW and WL mice (Figure 7b ). Thus, these metabolites except for stachydrine might be useful to monitor injury of AEC2s.
| DISCUSSION
In the present study, we investigated the acute lung injury model using LysM-DTR mice. While LysM-DTR mice succumbed and died within 6 days, numbers of Ki67-positive proliferating BECs and AEC2s appeared in the lung of LysM-DTR mice after DT injection. Transfer of wild-type BM cells into LysM-DTR mice accelerated the regeneration of AEC2s along with the up-regulation of several growth factors. Furthermore, some metabolites were significantly decreased in the sera of LysM-DTR mice compared with WT mice after DT injection, suggesting that these metabolites might be useful biomarkers to predict severity of AEC2 injury. Together, or Ki67 + cells in the alveoli (lower panels) or bronchioles (upper panels) (f) were calculated. WT indicates untreated WT mice. Results are means ± SEM (n = 4 to 8 mice). Statistical significance was determined by the one-way ANOVA test. **p < 0.01, ***p < 0.001, ns, not significant. Lung tissue sections of the indicated mice were stained with both anti-Ki67 (red) and anti-SP-C (green) antibodies (n = 4 mice) (g). White arrowheads indicate cells express both SP-C and Ki67
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the acute lung injury model might enable us to monitor the regeneration process of BECs and AEC2s following acute lung injury. Many acute lung injury models induced by including influenza virus infection or administration of bleomycin have been reported and extensively investigated (Guzy, Stoilov, Elton, Mecham, & Ornitz, 2015; Kumar et al., 2011; Zuo et al., 2015) . However, we need to consider that these models might be superimposed by a variety of cellular responses including immune responses against viral infection or genotoxic stress responses against bleomycin. In this respect, the murine model using LysM-DTR mice might be ideal, since DT injection is only to deplete AEC2s along with AMs and BM-derived myeloid cells. Both BECs and AEC2s died by apoptosis in LysM-DTR mice at 24-48 hr after DT injection. Then, Ki67
+ BECs appeared at 48 hr, which was followed by appearance of Ki67 + cells in the alveoli at 96 hr.
In sharp contrast, SP-C + cells appeared in the bronchioles, but not the alveoli at 96 hr. BrdU-labeling experiments revealed that Ki67 + proliferating cells stopped proliferation and became SP-C + cells at 96 hr after DT injection. These results substantiated that some portions of AEC2s are derived from BASCs under certain conditions (Kim et al., 2005; Rawlins et al., 2009 these results suggest that BM-derived myeloid cells including AMs promote the regeneration of AEC2s. In sharp contrast, appearance of Ki67 + cells in the bronchioles was tightly associated with apoptosis of BECs and their numbers were not different between the LL and WL groups. These results suggest the mechanisms underlying proliferation of BECs might be different from those of AEC2s. Further study will be required to address this issue. Our transcriptome analysis identified growth factor-related genes were up-regulated in the lung of LysM-DTR mice, and their expression was further enhanced in the lung of LysM-DTR mice reconstituted with WT BM cells. Previous studies have shown that Il6, Il11, Fgf2, Osm, Thbs1, Tgfb1 , and Wisp1 are involved in lung repair (Guzy et al., 2015; Konigshoff et al., 2009; Lee et al., 2014; Li, Khosla, Pagan, Hoyle, & Sannes, 2000; Moodley et al., 2003; Scaffidi et al., 2002; Tadokoro et al., 2014) , substantiating the fidelity of our murine model to identify growth factors for AEC2s. Moreover, these results suggest that BM-derived myeloid cells including AMs might promote the regeneration of AEC2s through producing these growth factors or enhancing the production of these factors by lung parenchymal cells. We previously reported that IL-11 is produced by dying cells and IL-11 attenuates tissue injury including the liver and intestine through promoting cell proliferation (Nishinaet al., 2017 (Nishinaet al., , 2012 . Hence, it would be intrigued to test whether transfer of BM cells from Il11-deficient mice into LysM-DTR mice fails to increase the expression of Il11, resulting in the impairment F I G U R E 7 Some metabolites are significantly decreased in mice with severe AEC2 injury. (a) Eight-to twelve-week-old WT and LysM-DTR mice were killed at the indicated times after DT injection. The sera were collected at the indicated times and subjected to metabolome analysis. Relative values were calculated compared to each peak of respective references. Results are mean ± SEM (n = 4 mice). Statistical significance was determined by the two-tailed unpaired Student's t test. *p < 0.05, ***p < 0.001, ns, not significant. (b) WT mice were reconstituted with BM cells from WT (white) or LysM-DTR (black) mice and then injected with DT. At 72 hr after injection, the sera were collected and analyzed as in (a). Results are mean ± SEM (n = 8-9 mice). Statistical significance was determined by the two-tailed unpaired Student's t test. *p < 0.05; **p < 0.01, ns, not significant
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of the regeneration of AEC2s in the lung after DT injection. Alternatively, generation of LysM-DTR mice on a Il11-or Il11Ra-deficient background will be addressed whether IL-11 plays a crucial role in the proliferation of AEC2s following acute lung injury.
Transfer of WT BM cells into LysM-DTR mice enhanced the proliferation of AEC2s; nevertheless, BW of WL mice progressively declined and became moribund at 72 hr after DT injection. Taken that most AEC2s, precisely Ki67 + cells in the alveoli could not express SP-C at least 72 hr after DT injection, complete recovery of AEC2s might take longer time more than 3 or 4 days. Moreover, we cannot exclude the possibility that lethal doses of radiation might delay the recovery of AEC2s from acute lung injuries. Thus, it would be intrigued to test whether injection of lower doses of DT into LysM-DTR mice enables us to monitor complete recovery of AEC2s from acute lung injuries. Idiopathic pulmonary fibrosis (IPF) is a chronic lung disease without known etiology and gradually worsened by years, resulting in fatal outcomes (Steele & Schwartz, 2013) . AEC2s are primary targets during the progression of IPF; therefore, elucidating the mechanisms underlying the regeneration of AEC2s might be crucial to develop a novel strategy to treat IPF. IPF sometimes becomes rapidly worsened, which is referred to as acute exacerbation (Collard et al., 2016; Marchioni et al., 2018) . While acute exacerbation is usually followed by infection, such as viral infection, the detailed mechanisms are not fully understood (Collard et al., 2016; Marchioni et al., 2018) . A previous study has reported that drastic changes in the metabolites in the sera of mice infected with influenza virus (Cui et al., 2016) . This study reported that the metabolites associated with phospholipid and tryptophan metabolism were decreased, whereas the metabolites associated with lipid catabolism, sphingolipid metabolism, and fatty acid synthesis were increased at 6 days postinfection. In contrast to this study, tryptophan was not significantly different between WT and LysM-DTR mice after DT injection (data not shown). We found that arginine and citrulline were significantly decreased in the sera of LysM-DTR mice at 72 hr after DT injection. Notably, endogenous nitric oxide (NO), which promotes lung growth or attenuates lung injury, is produced from the metabolism of arginine to citrulline in endothelial cells (Grisafi et al., 2012; Vadivel et al., 2010) . Thus, a decrease in arginine and citrulline might impair the production of NO, further exacerbating acute lung injury or compromising the recovery from lung injury. However, the biological significances of a decrease in deoxyguanosine, glycocyamine, methylnuraminate, serotonin, and stachydrine are not investigated in the present study. Together, these results suggest that a decrease in these metabolites might be hallmark(s) of acute lung injury. Moreover, a decrease in some metabolites including arginine and citrulline might exacerbate acute lung injury. Further study will be required to address whole picture of regulation and functional roles of these metabolites. 
|
| Mice
LysM-DTR Tg mice were described previously (Miyake et al., 2007) . C57BL/6 mice (CD45.2) and C57BL/6-SJL (CD45.1) mice were purchased from CLEA-Japan and Sankyo Lab, respectively. All experiments were performed according to the guideline approved by the Institutional Animal Experiments Committee of Toho University School of Medicine.
| DT injection
Eight-to twelve-week-old WT C57/BL6 or LysM-DTR mice were intraperitoneally injected with DT (20 μg/kg in PBS). After injection, mice were kept on drinking water containing the antibiotics-antimycotic mixed solution (02892-54, Nacalai Tesque) throughout the experiments to avoid infection due to depletion of macrophages of LysM-DTR mice.
At most, four mice were kept in a cage and were monitored at least once a day following DT administration. Otherwise indicated, mice were monitored until 96 hr. When mice lost 20% of the initial body weight or mice were unable to take food or water on their own, mice were immediately euthanized by cervical dislocation.
|
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| Generation of BM-reconstituted mice
Bone marrow cells were prepared from female WT mice [C57BL/6-SJL mice (CD45.1)], and 5 x 10 6 BM cells were transferred to 8-to 12-week-old recipient male mice (CD45.2) (WT or LysM-DTR mice) that had been exposed to lethal irradiation (8.5 Gray). At 2-3 months after transfer, peripheral blood mononuclear cells were collected and stained with anti-CD45.1 and anti-CD45.2 antibodies. The chimerism of bone marrow cells was calculated by counting numbers of CD45.1-positive and CD45.2-positive cells by flow cytometry. In reciprocal BM reconstitution experiments, female BM cells of LysM-DTR mice (CD45.2) were transferred into male WT or LysM-DTR mice (CD45.2). As both recipient and donor mice expressed CD45.2, it was not feasible to evaluate the chimerism using staining with anti-CD45.1 and anti-CD45.2 antibodies. Taken that Zfy2 is located on the Y chromosome (Mahaffey et al., 1997) , we evaluated the chimerism of BM cells by qPCR using genomic DNAs from peripheral blood of reconstituted male mice. Average chimerisms were more than 90% (Figure 4b,c) .
| Isolation of lung mononuclear cells
The lungs were minced with scissors into small pieces and incubated with collagenase (032-22364, Wako) at 37°C for 20 min. Then, single cell suspensions were prepared by pipetting minced lung tissues and passed through Nylon mesh. Cells were stained with the indicated antibodies and analyzed on an LSRFortessa X-20 cell analyzer (BD Biosciences). Data were processed with FlowJo (BD Biosciences).
| Histological, immunohistochemical, and immunofluorescence analyses
The lungs were fixed in 10% formalin and embedded in paraffin blocks. Paraffin-embedded lung sections were stained with H&E. For immunohistochemical analysis, lung sections were stained with anti-CC3, anti-SP-C, or anti-Ki67 antibodies and then visualized by HRP-conjugated streptavidin and diaminobenzidine. 
| BrdU-labeling experiments
To test whether Ki-67 + cells stopped proliferation and turned out to be SP-C-positive cells, we labeled proliferating cells in LysM-DTR mice by intraperitoneal injection of BrdU at 66 hr after DT injection. Then, mice were killed at 30 hr after BrdU injection. Anti-BrdU antibody determined cells were undergoing proliferation at the time of BrdU injection.
| Microarray analysis
We compared gene expression profiles of RNAs from lungs of mice of the following four different groups of BM chimeric mice. LL, BM cells of LysM-DTR mice were transferred into LysM-DTR mice; WL, BM cells of wild-type mice were transferred into LysM-DTR mice; LW, BM cells of LysM-DTR mice were transferred into wild-type mice; WW, BM cells of wild-type mice were transferred into wild-type mice. The experiments were performed using two mice per each group. Total RNAs were extracted from the lungs of mice using Sepasol-RNA I Super G according to the manufacturer's instructions (09379-55, Nacalai Tesque) and then labeled with Cy3. Samples were hybridized to a SurePrint G3 Mouse Gene Expression 8x60K ver2 (G4852B, DesignID:074809, Agilent) according to the manufacturer's protocol. Arrays were scanned with an Agilent Technologies G4900DA Microarray Scanner at 3 μm resolution. The scanned images were analyzed with Feature Extraction Software 11.5.1.1 (Agilent) using default parameters to obtain background subtracted and spatially detrended processed signal intensities. Features flagged in Feature Extraction as Feature Non-uniform outliers were excluded. Data were deposited in NCBI as a GEO accession number GSE117630. Heat maps and principal component analysis plots were generated in the R-method. Gene ontology (GO) enrichment analysis was performed using the ToppGene Suite (http://toppgene.cchmc.org/; Chen, Bardes, Aronow, & Jegga, 2009). As clustering analysis revealed that one mouse (WL1) of the WL group was similar to the WW or LW groups due to unknown reason, we excluded the data of WL1 mouse. We then used average values of expression of mRNAs of WW, WL, and LL, and one mRNA of WL, and then clustered them again.
| Quantitative polymerase chain reaction assays
Total RNAs were extracted from the lung of mice, and cDNAs were synthesized with the RevertraAce qPCR RT Kit Genes to Cells KUROSAWA et Al.
(Toyobo). Quantitative polymerase chain reaction (qPCR) analysis was performed with the 7500 Real-Time PCR detection system with CYBR green method of the target genes together with an endogenous control, murine Hprt, or Actb with 7500 SDS software (Thermo Fisher Scientific). The primers used in this study are described in Supporting Information Table S6 .
| Metabolome analysis
Metabolome analysis was performed as previously described (Piao et al., 2017) . Briefly, fifty microliters of the sera from mice of the indicated genotype before or after DT treatment was used for the analysis of ionic metabolites. Hydrophobic and high molecular weight compounds were removed by the preparative processes of liquid-liquid separation using chloroform and water, and ultrafiltration using a 5 kDa cutoff filter, respectively, prior to the metabolome analyses (Oikawa, Otsuka, et al., 2011b) . Comprehensive analysis of ionic metabolites using CE-TOF MS was performed as previously reported (Oikawa, Fujita, Horie, Saito, & Tawaraya, 2011a) . The metabolites were analyzed by cation and anion modes.
| Statistical analysis
Statistical significance was determined by the two-tailed unpaired Student's t test, the one-way ANOVA test, or log-rank test as appropriate. *p Value <0.05 was considered to be significant.
